In order to clarify the refinement behavior of the lamellar spacing and high temperature stability of the lamellae in pearlite by the addition of Cr, the effects of supercooling, the diffusion coefficients of C and Cr and spheroidizing of cementite were investigating using Fe-0.8%C binary and Fe-0.8%C-Cr ternary steels.
Introduction
When eutectoid steel containing 0.8%C is cooled to below the A1 temperature after heating to the austenite region, a pearlite structure is formed by an eutectoid transformation in which austenite breaks down into ferrite and cementite. 1) The pearlite structure consists of lamellae in which ferrite and cementite form alternate layers, blocks consisting of areas where the crystal orientation of the ferrite is the same while the direction of the lamellae is different and colonies consisting of regions where the lamellae are arranged in the same direction.
2) Eutectoid steel is used as rail steel due its excellent tensile strength and wear resistance. 3) Recently, improved wear resistance is required in rail steel to cope with increasingly severe service environments. 4) It has been reported that high strength rail steel is effective for improving wear resistance. 5) As a microstructural factor influencing the strength of eutectoid steel, attention has focused on the lamellar spacing, and it has been reported that a Hall-Petch relationship is established between yield strength and hardness and lamellar spacing. [6] [7] [8] [9] High strength can be achieved in eutectoid steel by refining the lamellar spacing. However, volumetric free energy decreases when pearlite is formed from austenite, while the increase in interfacial energy for forming ferrite/cementite interfaces becomes larger with increasing refinement of the lamellar spacing. Consequently, there is a limit to refinement of the lamellar structure. 10) Because the energy available for ferrite/cementite interfacial energy depends on the magnitude of the driving force of the pearlite transformation, the magnitude of the chemical driving force is proportional to the supercooling temperature (ΔT) from the equilibrium transformation temperature (T e : 996 K, Fe-0.77%C) of pearlite. This means that increased refinement of the pearlite lamellar spacing is possible by increasing ΔT. 11, 12) Here, ΔT is defined by the ratio of T e and the difference between T e and the pearlite transformation temperature (P s ). 13 ) T e changes depending on the alloy element, and P s changes depending on the alloy element and the cooling rate after hot rolling. Therefore, it is possible to increase ΔT by raising T e by using the alloy element and causing the pearlite transformation at a lower temperature by increasing the cooling rate.
The lamellar spacing may change when a substitutional element is added, even though ΔT is the same. Takahashi et al. 13) reported that even though ΔT is the same, the lamellar spacing is refined by increasing the Cr content. Capdevila et al. 14) reported that the lamellar spacing is refined by increasing the Si, Cr and Mo contents and becomes coarse when the Mn and Ni contents are increased. However, the mechanism by which the lamellar spacing is refined is not clear in any of these reports.
In this study, focusing on refinement of the lamellar spacing by increasing the Cr content, the mechanism of refinement of the lamellar spacing is investigated from the thermodynamic point of view for the pearlite transformation at the same ΔT. Since the lamellae are formed in the high temperature region above 873 K, the effect of Cr on the stability of pearlite lamellae in a high temperature region was investigated in terms of the kinetics of spheroidizing of cementite.
Experimental Method

Materials
The chemical compositions of the materials used in this study are shown in Table 1 . Fe-0.8%C steel (Base steel) and Fe-0.8%C-(0.18%, 0.57%, 0.99%)Cr steel (0.2Cr steel, 0.6Cr steel, 1.0Cr steel) were melted in a vacuum furnace and then cast into 25 kg ingots. The ingots were rolled to the thickness of 25 mm after heating at 1 273 K-3.6 ks.
Heat Treatment Conditions
Firstly, in order to consider the relationship between lamellar refinement and Cr content from the thermodynamic point of view, samples having the dimensions of 80 mm × 75 mm × 15 mm were taken from the rolling direction of the sample materials. These specimens were subjected to heat treatment under the conditions shown in Fig. 1 and Table  2 using a synthetic apparatus for reproducing rapid thermal cycles manufactured by Fuji Electronic Industrial Co., Ltd. In this study, the pearlite structure which was obtained by this heat treatment is defined as the initial structure. Next, in order to consider the influence of the Cr content on the high temperature stability of pearlite, test specimens having the dimensions of 10 mm × 10 mm × 10 mm were taken from the center of the samples after heat treatment, and isothermal heat treatment (spheroidizing) was carried out for times from 3.6 ks to 1 080 ks after heating at 873 K, 927 K and 973 K. The specimens were quenched after the isothermal heat treatment.
Microstructure Observation and Analysis Method
Following isothermal heat treatment, the test specimens having the dimensions of 10 mm × 10 mm × 10 mm were polished. After etching with 3% nital, the lamellar spacings in each of 9 visual fields were observed at a magnification of 10 000x with a scanning electron microscope (SEM). The average lamellar spacing was calculated by selecting an area where the lamellar spacing was narrow in each field of view and measuring the spacing from the number of lamellae per 2 μm. The spheroidized pearlite structure was observed by the same method as the lamellar structure. The total interfacial area is defined as the converted value per unit area after calculating and averaging the interfacial areas of each field by the method proposed by Dehoff et al. 15) from the number of intersections of interfaces of ferrite and cementite obtained by linear analysis (JIS G 0552) of each visual field.
Partition Coefficient
The partition coefficient was calculated by obtaining the Cr contents in the ferrite and cementite by energy dispersive X-ray (EDX) analysis and extracted residue analysis using the initial and spheroidized specimens, and was defined as the value of (Cr content in cementite/Cr content in ferrite). In the extracted residue analysis, electrolytic extraction was performed in 10% acetyl acetone-methanol. The residue was measured by inductively coupled plasma (ICP) atomic emission spectroscopy.
Experimental Results
Influence of Cr on Equilibrium Transformation
Temperature (T e ) Figure 2 shows the influence of the Cr content on T e . For T e , the influence of Cr was calculated based on the Fe-0.8%C steel by using Thermo-Calc. 16 ) T e of the Base steel and 1.0%Cr steel were 999 K and 1 009 K, indicating that T e is increased by increasing the Cr content. shows the relationship between the degree of supercooling (ΔT) and the Cr content. Supercooling was calculated by the following Eq. (1). . T e is increased by increasing the Cr content, and consequently, ΔT is increased. Figure 4 shows the SEM observation results of the lamellae that transformed at temperatures from 873 K to 973 K. Figure 5 shows the influence of the Cr content on the lamellar spacing. At 973 K, the lamellar spacing of the Base steel was 0.27 μm, whereas that of the 1.0%Cr steel was 0.17 μm. Lamellar spacing was refined as a result of the increased Cr content. When the pearlite transformation temperature is reduced from 973 K to 873 K, the lamellar spacing of the Base steel is refined from 0.27 μm to 0.15 μm and that of the 1.0%Cr steel is refined from 0.17 μm to 0.10 μm.
Effect of Cr on Lamellar Spacing
It is well known that lamellar spacing (λ) can generally be described by Eq. (2) and is proportional to the reciprocal of supercooling (1/ΔT).
where ΔH is the enthalpy change in the pearlite transformation, V M is the molar volume of pearlite, σ is the interfacial energy between ferrite and cementite and a is a constant. The relationship between λ and 1/ΔT is shown in Fig. 6 . For example, in the 1.0%Cr steel, when 1/ΔT decreased from 28 to 7.4, in other words, when ΔT increased, λ was refined. When 1/ΔT was roughly the same, at approximately 12, λ of the Base steel was 0.19 μm, whereas that of the 1.0%Cr steel was 0.11 μm. That is, although 1/ΔT was the same, λ was refined as a result of the increased Cr content. Figure 7 shows the microstructural change during spheroidizing heat treatment at 923 K. The obtained results of the total interface area of ferrite/cementite are shown in Fig. 8 . The total interface of the Base steel was 11 285 mm − 1 in the initial stage of spheroidizing heat treatment but decreased to 400 mm − 1 after heating for 1 080 ks. The total interface of the 1.0%Cr steel decreased from 19 380 mm . The initial microstructure was lamellar, but spheroidizing progressed with increasing heat treatment time. Spheroidizing of pearlite was delayed by the increase in the Cr content. The lamellar structure remained in part of the microstructure after heating for 1 080 ks.
Effect of Cr on Spheroidizing of Lamellae
The rate equation of the spheroidizing process of the lamellae is represented by the following Eq. (3). where S is the total area of the interface, S 0 is the total area of the interface at t = 0, k s is the spheroidizing rate constant and t is the holding time. Figure 9 shows the result when k s is obtained using Fig. 8 and Eq. (3) and arranged by the Cr content. The spheroidizing rate constant of the Base steel at 923 K was 1.6 × 10
, whereas that of the 1.0%Cr steel was 3.8 × 10
. The spheroidizing rate constant was decreased by increasing the Cr content, confirming the same tendency as that reported by Ishida et al. 17) Concerning the effect of the Cr content on spheroidizing of lamellae, Ishida et al. 17) reported that the spheroidizing rate constant depends on the diffusion coefficient of atoms, which is rate-determining for spheroidization, the interfacial energy and the partition coefficient, and the effect of the partition coefficient is remarkable. Figure 10 shows the time dependence of the partition coefficient of Cr in the case of holding at 873 K. Cr was in para-equilibrium in the initial stage of spheroidizing heat treatment, but was distributed in the cementite with time. Figure 11 shows the partition coefficient of Cr after holding for 1 080 ks. No significant influence of the increased Cr contents on the partition coefficient of Cr was confirmed. The partition coefficient of Cr obtained in this study was about half of the value reported by Ko et al. 18) However, in the results of the present study, the partition coefficient of Cr did not significantly affect the spheroidizing suppression effect due to the increased Cr content.
Discussion
Mechanism of Refinement of Lamellar Spacing by
Addition of Cr It is known that the lamellar spacing is refined as ΔT increases, as shown in Eq. (2) . When the chemical compositions of the steel are the same, the value of ΔT defines P s since the value of T e becomes the same. On the other hand, when P s is the same, ΔT is defined by T e .
However, if ΔT is the same, λ is refined when the Cr content increases. Therefore, refinement of λ cannot be explained by ΔT. Takahashi et al. 13) reported that the refinement of λ associated with increased Cr contents occurs because Cr increases ΔH and decreases σ. Tajima et al. 19) reported that the value of ΔH is not changed by increasing the Cr content. Therefore, it is considered that refinement of λ with increasing Cr content is attributable to the decrease in σ.
If σ decreases, the value of a in Eq. (2) becomes small. Since a in Fig. 6 represents the inclination of a straight line, the slope in Fig. 6 is expected to be gentle. In Fig. 12 , the slopes of each component were calculated and arranged by Cr content. Since the value of a is not decreased by increasing the Cr content, it is impossible to think that the refinement of lamellae by an increased Cr content is due to a decrease in σ caused by Cr. Therefore, the refinement of λ at the same ΔT by an increased Cr content is thought to be the result of some other factor.
Although λ can be arranged by Eq. (2) (5) where λ α and λ θ are the thicknesses of α and θ in the lamellae, respectively, and are represented by Eqs. (6) and (7). (7) where f α and f θ are the ferrite fraction and cementite fraction. Equation (8) is obtained by substituting Eqs. (5) to (7) into Eq. (3). The refinement of λ due to the increase in the Cr content is investigated by Eq. (8) . The values of f α , f θ , C e γ/α
, C e γ/θ , C α/γ and C θ/γ were calculated by Thermo-Calc. For λ, the result obtained in this study was used. The value of b was 0.72. 21) The pearlite growth rates (v) used here were the values shown in Table 3 , which are based on the results presented by Sharma. 22) Thus, D c γ can be calculated by Eq. (8). Figure 13 shows the influence of the Cr content on D c γ at 923 K. The diffusion coefficient of the Base steel 2 /s. D c γ decreased due to the increase of the Cr content. Based on this, the refinement of λ due to the increased Cr content is considered to be the result of a decrease of the diffusion coefficient of C in γ. Based on the results of an investigation of the influence of alloy elements on the diffusion coefficient of C, Blanter 23) reported that the diffusion coefficient of C became small when the content of Cr increased; that result shows the same tendency as the present study. From the above, refinement of λ due to an increase of the Cr content is considered to be due to a decrease of the diffusion coefficient of C in γ and a decrease of the diffusion distance.
Mechanism of Stability of Lamellae at High Tem-
perature by Addition of Cr The spheroidizing suppression effect of lamellae due to an increase in the Cr content is considered to depend on the diffusion coefficient of atoms, which is rate-determining for spheroidization, or on interfacial energy. Interfacial energy is estimated to be independent of the Cr content, as indicated in the previous section. Therefore, the diffusion coefficient of atoms, which is rate-determining for spheroidizing, was investigated. From the Ostwald growth equation, the spheroidizing rate constant is represented by Eq. (9) for an Fe-C binary system and by Eq. (10) for an Fe-C-Cr ternary system. (12), the logarithm of the spheroidizing rate constant (lnk s ) is proportional to 1/T, and −Q/R is the gradient. Figure 14 shows the relationship between the spheroidizing rate constant (lnk s ) and 1/T. The gradient of the Base steel was 15 494, whereas that of 1.0%Cr was 36 743. The gradient increased due to the increased Cr content. Figure  15 shows the result when the activation energies were calculated using this result and arranged by the Cr content. The activation energies of diffusion of C and Cr in ferrite are also shown in Fig. 15 . 24) In the case of an Fe-C binary system, the activation energy is near the level of the activa- tion energy of diffusion of C in ferrite. The value deviates from that value with increasing Cr content, and changes at the activation energy of diffusion of Cr. Taking into consideration the factors mentioned above, the spheroidizing suppression effect in pearlite due to an increase in the Cr content is considered to be the result of an increase of the contribution of Cr diffusion to the coarsening reaction. In this study, the analysis was carried out using 2-dimensional observation results obtained by SEM. Recently, 3-dimensional observation has become possible as a result of progress in electron microscopy and analysis software. Adachi 25) has reported a difference of 2.5 times in the results of 2-dimensional and 3-dimensional estimations of lamellar spacing and surface area. Although it is thought that this will have no significant effect on the tendency of the present study results, 3-dimensional estimation is a challenge for the future.
Conclusions
The effect of Cr on lamellar spacing and the high-temperature stability of the lamellae was investigated using Fe-0.8%C binary and Fe-0.8%C-(0.2-1.0) %Cr ternary alloys. The results obtained are summarized as follows:
(1) The equilibrium transformation temperature of pearlite was increased 10 K by the addition of 1.0%Cr in Fe-0.8%C steel.
(2) At the same pearlite transformation temperature, the lamellar spacing was refined accompanying increased Cr contents. At the same degree of supercooling, the lamellar spacing was refined with increasing Cr contents.
(3) The diffusion coefficient of C in γ was decreased by increased Cr contents. It is considered that the lamellar spacing was refined due to the decrease in the diffusion distance of C accompanying the decreased diffusion coefficient of C in γ.
(4) Spheroidization of lamellae at high temperature was suppressed by increased Cr contents.
(5) No effect of the Cr content on the partition coefficient was observed. It is considered that the contribution of the partition coefficient of Cr to the spheroidizing suppression effect of lamellae was small.
(6) It is assumed that the spheriodizing suppression due to increased Cr contents is caused by an increase in the contribution of Cr diffusion to the coarsening reaction.
